Coevolution of intracellular bacterial pathogens and their host cells resulted in the appearance of effector molecules that when translocated into the host cell modulate its function, facilitating bacterial survival within the hostile host environment. Some of these effectors interact with host chromatin and other nuclear components. In this report, we show that the AnkA protein of Anaplasma phagocytophilum, which is translocated into the host cell nucleus, interacts with gene regulatory regions of host chromatin and is involved in downregulating expression of CYBB (gp91 phox ) and other key host defense genes. AnkA effector protein rapidly accumulated in nuclei of infected cells coincident with changes in CYBB transcription. AnkA interacted with transcriptional regulatory regions of the CYBB locus at sites where transcriptional regulators bind. AnkA binding to DNA occurred at regions with high AT contents. Mutation of AT stretches at these sites abrogated AnkA binding. Histone H3 acetylation decreased dramatically at the CYBB locus during A. phagocytophilum infection, particularly around AnkA binding sites. Transcription of CYBB and other defense genes was significantly decreased in AnkA-transfected HL-60 cells. These data suggest a mechanism by which intracellular pathogens directly regulate host cell gene expression mediated by nuclear effectors and changes in host chromatin structure.
Intracellular pathogens, through longstanding associations with host cells, evolved mechanisms that promote survival within the often-hostile environment of their hosts (13) . Global analysis of mammalian gene expression in response to intracellular bacteria identified major pathways affected during infection (4) . However, previous studies largely focused on interactions of bacteria and/or bacterial effectors with the host cell surface and cytoplasmic signaling pathways (19) . Transfer of bacterial effector proteins into the eukaryotic host cell cytoplasm is also a recognized mechanism of bacterial control over host cells for organisms such as Yersinia (29) , Shigella (1), and Listeria (27) . In contrast, mechanisms by which bacterial proteins enter the host cell and directly alter gene transcription are underinvestigated, and only a few bacterial molecules that enter the eukaryotic host nucleus are reported. Cytolethal distending toxin, a tripartite toxin produced by a number of bacteria, is translocated into the host cell nucleus and by exerting DNA damage leads to G 2 /M cell cycle arrest, cellular distention, and nuclear enlargement in intoxicated cells (17) . Similarly, some proteins of the Amoeba proteus X-bacterium symbiont translocate into the nucleus and induce S-adenosylmethionine synthetase expression (22) , whereas T-DNA from Agrobacterium tumefaciens is transported into the nucleus and induces plant cell transformation (20) . Additionally, Shigella flexneri OspF is injected into host cells and alters host gene transcription by targeting chromatin access for the transcription factor NF-B (2). Using Anaplasma phagocytophilum infection of granulocytes as a model, we showed that AnkA produced by this intracellular bacterium is also translocated into the host cell nucleus during infection (9, 24) .
During A. phagocytophilum infection, AnkA is translocated into granulocytes (9, 15, 24) , presumably by the type IV secretion system recently identified in A. phagocytophilum (18, 21) . AnkA, which contains a putative eukaryotic nuclear localization sequence, then migrates to the nucleus, where it interacts with host cell heterochromatin (9, 24) . Other microbial ankyrin proteins have been shown to serve as effectors for bacterial infection of host cells (23) . In this report, we identify a novel molecular mechanism by which the intracellular pathogen A. phagocytophilum regulates host cell transcription. These data suggest that AnkA contributes to the transcriptional regulation of gene expression in infected granulocytes by modifying chromatin structure, establishing a link between intracellular bacterial infection and host transcriptional and functional changes involved in the pathogenesis of human granulocytic anaplasmosis.
MATERIALS AND METHODS
Cell lines and cell culture. Promyelocytic leukemia HL-60 cells were grown in RPMI medium containing 5% fetal bovine serum (FBS) in a humidified incubator at 37°C with 5% CO 2 . The cell density was kept Ͻ5 ϫ 10 5 cells/ml by diluting with fresh medium every 3 days.
Anaplasma phagocytophilum culture and isolation. HL-60 cells were infected with A. phagocytophilum (Webster strain) as described elsewhere (14) . Briefly, the cells were infected with a frozen stock of A. phagocytophilum-infected HL-60 cells and were grown in RPMI medium supplemented with 1% FBS at 2 ϫ 10 5 cells/ml until Ͼ90% of the HL-60 cells were infected. Uninfected HL-60 cells were used to adjust the infection level to 10% as needed. To isolate A. phago-cytophilum, 2 ϫ 10 7 infected cells were collected by centrifugation at 500 ϫ g for 5 min and washed with 0.9% NaCl. The cells were resuspended in 3.5 ml of ice-cold hypotonic buffer (10 mM KCl, 1.5 mM MgCl 2 , 10 mM HEPES, pH 7.9) and disrupted using a French press (3/8-in-diameter chamber, 1,500 lb/in 2 ). Nuclei and cell debris were removed by low-speed centrifugation (1,000 ϫ g, 5 min), and A. phagocytophilum organisms were collected from the supernatant by centrifugation at 14,000 ϫ g for 30 min. The bacterial preparation was finally resuspended in RPMI medium for in vitro infection of neutrophils or HL-60 cells. To obtain heat-killed A. phagocytophilum, the suspension of purified bacteria was incubated at 80°C for 20 min. Samples of HL-60 cells exposed to live or killed A. phagocytophilum taken at 0.5, 1, 3, 6, 18, and 24 h postexposure were used for cell fractionation, chromatin immunoprecipitation (ChIP) or analysis of gene expression.
Cell fractionation and immunoblotting. Nuclear extracts from 2 ϫ 10 7 A. phagocytophilum-infected or uninfected HL-60 cells or neutrophils were prepared using NE-PER nuclear and cytoplasmic extraction reagents (Pierce). Samples of the cytoplasmic and nuclear fractions were analyzed by electrophoretic mobility shift assay (EMSA) to study binding of proteins to the CYBB promoter or by immunoblotting to determine the presence of AnkA and Msp2 in these fractions. Approximately 10 g total protein extract was electrophoresed in a 10% sodium dodecyl sulfate-polyacrylamide gel and transferred to a nitrocellulose membrane. The blot was blocked with 5% nonfat dry milk, probed with a 1:1,000 dilution of either AnkA monoclonal antibody (MAb) IE3 (9) or Msp2 MAb 20B4 and incubated with goat anti-mouse alkaline phosphatase conjugate (KPL). The blots were developed by chemiluminescence using Immun-Star AP substrate (Bio-Rad) and exposed to X-ray film. AnkA and Msp2 band intensities were determined by densitometry. Band intensities were determined by densitometry using the public domain, free software ImageJ, Image processing, and analysis in Java (http://rsb.info.nih.gov/ij/).
Neutrophil isolation and infection. Neutrophils were isolated from 50 ml of EDTA-anticoagulated blood from consenting healthy volunteers as described before (10) . Approval was obtained from the Johns Hopkins Medicine Institutional Review Board prior to these studies. Briefly, an equal volume of 3% dextran was added to the blood, mixed, and incubated for 30 min without agitation. The upper layer containing plasma and white blood cells was transferred to a fresh tube, and the cells were harvested by centrifugation at 500 ϫ g for 5 min. The cell pellet was resuspended in 0.9% NaCl, layered on FicollHypaque solution, and centrifuged at 500 ϫ g for 40 min. The cell pellet was resuspended in cold 0.2% NaCl to lyse the contaminating erythrocytes, and 1.8% NaCl was added after 30 s to restore the osmolarity. Finally, the neutrophils were resuspended in 5 ml of RPMI medium supplemented with 5% FBS and used immediately for in vitro infection with A. phagocytophilum at a multiplicity of infection of 10 bacteria to 1 neutrophil.
ChIP and identification of AnkA-bound sequences. The method used for the immunoprecipitation of AnkA-bound genomic DNA sequences was modified from a method previously described (26) . Heavily infected HL-60 cells (10 8 cells) were cross-linked with 1% formaldehyde for 15 min at room temperature. Chromatin was sheared four times for 15 s using a Branson Sonifier 250 at 1.5 constant output power. AnkA-bound genomic DNA sequences were immunoprecipitated using the AnkA IE3 MAb. To study changes in the histone code, anti-acetylhistone 3 (Ac-H3) (Millipore) and anti-monomethyl-histone 3 (Me-H3) (Millipore) were used. Mock (no DNA) and negative control antibody (Msp2 MAb) ChIPs were also included as controls. Total chromatin was used to normalize for differences in starting DNA concentration. Immunoprecipitated DNA fragments were amplified by ligation-mediated PCR (LM-PCR) (26) . Universal primer sequences were ligated to the ends of the immunoprecipitated DNA, and the AnkA-bound DNA was amplified using these universal primers. PCR fragments were then cloned into the pGEM-T-easy vector (Promega) and sequenced. Alternatively, AnkA binding sites were identified by quantitative real-time PCR using primer sets spanning the CYBB locus (see Table S1 in the supplemental material). The relative enrichment of each DNA fragment was calculated from the difference of the threshold cycle number with respect to the negative antibody control ChIP and normalized to the total chromatin control. Experiments were repeated three times, and the average of the three determinations was calculated.
Expression of AnkA in E. coli and mammalian cells. The gene encoding AnkA was amplified by PCR from A. phagocytophilum Webster strain genomic DNA using primers F5-AnkA and F3-AnkA (see Table S1 in the supplemental material) and cloned into the pGEM-T Easy vector (Promega). The ankA coding sequence was cloned into the HindIII and KpnI restriction sites of the pFLAG-CTC vector (Sigma) for expression in E. coli. Recombinant protein was purified by FLAG affinity chromatography (Sigma) following the manufacturer's recommendations. The sequence encoding AnkA was also cloned into the KpnI and XhoI restriction sites of the pEYFP-C1 expression vector (Clontech BD Biosciences), to obtain plasmid pEYFP-AnkA, which encodes the enhanced yellow fluorescent protein (EYFP)-AnkA fusion protein under control of the cytomegalovirus promoter. Plasmids were purified using the EndoFree plasmid isolation kit (Qiagen) and were transfected into HL-60 cells using Amaxa Nucleofector technology, solution T, program U-14 (Amaxa, Germany). After transfection, cells were harvested and used for gene expression analysis. The empty vector, pEYFP-C1, was used as a control.
Protein transfection. To determine the effect of AnkA on granulocyte gene expression, HL-60 cells were transfected with purified recombinant AnkA (rAnkA) protein using the BioPORTER protein delivery system (Sigma). rAnkA protein (5 g) was incubated at room temperature with BioPORTER reagent for 5 min. The reaction volume was adjusted to 0.5 ml with RPMI, and the mixture was added to 2 ϫ 10 6 HL-60 cells. A BioPORTER-only (no protein) control was included in the experiment. After 22 h at 37°C, the transfected cells were collected for analysis of CYBB gene expression by quantitative reverse transcription-PCR (qRT-PCR).
Reporter assay. Plasmid pCYBB-LacZ, kindly donated by Erol Fikrig, Yale University, was used to express the lacZ gene under the control of the promoter fragment from position Ϫ209 to ϩ12 of the CYBB gene (28) . The reporter plasmid was cotransfected with plasmid pEYFP-AnkA to determine the effect of AnkA on reporter expression using Amaxa Nucleofection technology as described above. Plasmid vector pEYFP-C1 was used as control. ␤-Galactosidase expression was measured using the ␤-galactosidase microtiter plate assay (Invitrogen). Briefly, transfected cells were harvested, resuspended in lysis buffer, and transferred to a 96-well plate. EMSA. Purified rAnkA or nuclear extracts from uninfected or A. phagocytophilum-infected cells were assayed by EMSA for their ability to bind to specific DNA probes. cDNA oligonucleotides spanning the CYBB proximal promoter (or containing mutated sequences) were synthesized (see Table S1 in the supplemental material). Oligonucleotides were biotinylated by the supplier or using the biotin 3Ј end DNA labeling kit (Pierce). Equal amounts of complementary oligonucleotides were mixed, denatured at 95°C for 5 min, and slowly cooled to room temperature to anneal, resulting in a 15 M solution of biotinylated, double-stranded oligonucleotide. EMSA reactions were performed using the LightShift chemiluminescent EMSA kit (Pierce) following the manufacturer's instructions. Reactions were carried out in 1ϫ LightShift binding buffer for 30 min on ice. Approximately 20 fmol DNA probe was incubated with protein at 25 ng/l. To confirm AnkA binding specificity, AT stretches within the AnkA binding sequences were disrupted by inserting bases CGGGCGCC (see Table S1 in the supplemental material). Loading buffer was added, and the samples were electrophoresed in 0.5ϫ Tris-buffered EDTA at 100 V for approximately 45 min in a 4% polyacrylamide gel. The content of the gel was transferred to a nylon membrane for 30 min and cross-linked using a UV cross-linker at 120 mJ/cm 2 for 1 min. The membrane was then blocked, washed, and exposed to X-ray film following the manufacturer's protocol.
RNA isolation and qRT-PCR. To study the levels of expression of selected genes, total RNA from approximately 2 ϫ 10 6 transfected or A. phagocytophiluminfected cells was purified using RNeasy RNA extraction kit (Qiagen). cDNA was synthesized from the transcripts of the genes BPI, MPO, CYBB, RAC2, MYC, and FTH and amplified using SuperScript one-step RT-PCR (Invitrogen) using the primers described in Table S1 in the supplemental material. For quantitative real-time PCR analysis, SYBR green Supermix was used in an iQ5 thermocycler (Bio-Rad). All results were normalized to human ACTB.
Statistical methods. Statistical analysis was carried out by standard methods. Transcriptional levels in transfected cells were compared to those in control cells using Student's t test. P values smaller than 0.05 were considered to be statistically significant. Error bars used throughout indicate standard error of the mean.
RESULTS
AnkA accumulates in the nuclei of infected HL-60 cells. To study the kinetics of A. phagocytophilum AnkA accumulation in the nuclei of HL-60 cells and neutrophils, nuclear and cytoplasmic fractions of infected cells were analyzed by immunoblotting using MAbs specific for AnkA and the immuno-dominant A. phagocytophilum membrane protein, Msp2, which is approximately 25 times more abundant (Fig. 1) . Translocation of AnkA into host cell nuclei was evident as early as 3 h postinfection (Fig. 1A) . Although the amount of AnkA protein detected in nuclei of infected cells was greater than that in the cytoplasmic fraction, AnkA was also detected in the host cell cytoplasm. AnkA is likely translocated from A. phagocytophilum-containing vacuoles or morulae into the host cytoplasm before being transported into the host cell nucleus. In contrast, Msp2 protein was detected in the cytoplasmic fraction but not in the nucleus (Fig. 1A) , consistent with the intracytoplasmic location of the bacterial cells. Heat-killed bacteria did not produce AnkA, and only traces of Msp2 were detected, which did not increase with time. The rate of accumulation of AnkA in the nucleus with live infection was higher than that in the cytoplasm (Fig. 1B) . As AnkA accumulated in nuclei of infected cells, CYBB transcription decreased (Fig. 1C) . CYBB encodes cytochrome B-245 or the gp91 phox component of phagocyte oxidase, a key host protein known to influence A. phagocytophilum survival. As in HL-60 cells, the amount of AnkA in the nuclear fraction of infected human neutrophils was significantly higher than that in the cytoplasm, while Msp2 was significantly more abundant in the cytoplasmic fraction (Fig. 1D) , confirming the relevance of these observations in the primary host cell type in humans.
AnkA induces host transcriptional changes associated with A. phagocytophilum infection. The presence of AnkA in the host cell nucleus when transcriptional changes occur and its ultrastructural association with host chromatin (9, 24) suggest a regulatory role for AnkA in host cell gene expression. To determine whether AnkA plays a role in the CYBB transcriptional changes observed during A. phagocytophilum infection, HL-60 cells were transfected with an AnkA mammalian expression plasmid (pEYFP-AnkA) or with purified rAnkA protein. While CYBB transcription was decreased with A. phagocytophilum infection, CYBB transcription was also silenced in HL-60 cells transfected with rAnkA compared to cells treated with the transfection reagent alone ( Fig. 2A) and was significantly downregulated in HL-60 cells transfected with the AnkA-expressing plasmid pEYFP-AnkA (Fig. 2B) . Since protein transfection efficiency is higher than plasmid transfection efficiency, these results are not directly comparable. This may also explain the relatively higher CYBB transcriptional reduction obtained with protein transfection. However, both transfection methods resulted in significant CYBB silencing.
These data indicate that AnkA could directly regulate expression of host CYBB. To confirm downregulation of CYBB by AnkA, a reporter plasmid containing the lacZ gene under the control of the CYBB promoter region from position Ϫ250 to ϩ12 was cotransfected into HL-60 cells with the pEYFPAnkA plasmid or with the pEYFP-C1 vector control. Expression of ␤-galactosidase using this plasmid was previously shown to be reduced with A. phagocytophilum infection (28) . Here, cotransfection with the AnkA-expressing plasmid significantly reduced ␤-galactosidase activity (Fig. 2C) . These experiments further confirm that the AnkA protein of A. phagocytophilum negatively regulates the CYBB promoter.
AnkA interacts with CYBB transcriptional regulatory regions. To determine if AnkA directly interacts with the CYBB locus regulatory region, we used seven 30-bp probes spanning the CYBB proximal promoter region to identify specific AnkA binding sites by EMSA (Fig. 3) . Even under stringent conditions, AnkA bound to the regions from bp Ϫ138 to Ϫ109 (probe E) and Ϫ48 to ϩ12 (probes A and B). Binding of AnkA AnkA binds to multiple sites within the CYBB locus. In addition to AnkA binding within the CYBB proximal promoter, we intended to identify other possible AnkA binding sites broadly over the CYBB locus. We used primer sets spanning approximately 20 kb upstream of the CYBB locus and ChIP to study a wider chromatin region (Fig. 4A) . AnkA was found to bind to sites within the CYBB locus at and upstream of the proximal promoter region (Fig. 4B) , consistent with the results obtained by EMSA.
A. phagocytophilum infection affects the histone code at the CYBB locus. Changes in histone posttranslational modifications affect chromatin accessibility to transcriptional regulatory factors and could contribute to A. phagocytophilum downregulation of CYBB gene expression. To identify changes in host chromatin structure associated with A. phagocytophilum infection and AnkA binding, ChIP was used to study alterations in histone acetylation and methylation at the CYBB locus ( Fig. 4C  and D) . After formaldehyde cross-linking of DNA and proteins, infected and uninfected cells were harvested and disrupted by sonication. Antibodies specific for histone H3 acetylated at Lys9 and Lys14 (Ac-H3) or methylated at Lys9 (Me-H3) were used. A dramatic decrease in Ac-H3 was observed at the CYBB locus in chromatin from infected cells (Fig.  4C ), while only a minimal increase in histone methylation was detected with infection (Fig. 4D) . AnkA affects host cell gene expression. Binding of AnkA to multiple sites within the CYBB locus and the changes in chromatin structure associated with A. phagocytophilum infection suggest that AnkA could be involved in the global regulation of other differentially expressed defense genes. HL-60 cells transfected with the AnkA mammalian expression plasmid pEYFPAnkA showed decreased expression of other genes known to be downregulated during A. phagocytophilum infection (Fig. 5) .
Transcription of RAC2, MPO, BPI, and MYC was significantly decreased with AnkA expression, whereas transcription of FTH was increased (Fig. 5) , findings nearly identical to those with A. phagocytophilum infection alone (7) . Although direct interactions of AnkA with these loci have not been demonstrated, the fact that their expression is reduced with AnkA transfection suggests that this protein likely functions by a mechanism that affects the expression of multiple host genes.
AnkA binds ATC-rich regions of the host genome. A number of AnkA binding sites are present in host genomic DNA (24) . To identify other binding sites and to establish their identity, we performed ChIP after nuclear protein-DNA cross-linking in A. phagocytophilum-infected HL-60 cells. After immunoprecipitation of AnkA-interacting DNA and amplification by LM-PCR, the recovered DNA was cloned and sequenced. All sequences identified were within intergenic regions, and none were detected more than once, suggesting that the critical binding feature may not be directly related to the primary nucleotide sequence (Fig. 6A) . Further analysis of AnkAbound DNA revealed that most sequences were ATC enriched on single strands, a feature commonly found in regulatory regions of chromatin where matrix attachment proteins bind. Out of 10 AnkA binding sites analyzed, 8 contained ATC-rich sequences (Fig. 6A) . Two AnkA-bound DNA sequences identified in a previous study conducted in our laboratory (24) also contained ATC-rich sequences.
To confirm AnkA binding to ATC-rich DNA, AT stretches within the AnkA binding sites identified in the CYBB promoter were mutated (Fig. 6B) . Purified rAnkA bound to the wildtype CYBB promoter probes in vitro (Fig. 6B) . In contrast, the mobility of mutated forms of the probes was not affected by AnkA, showing the specificity of AnkA DNA binding (Fig.  6B) . Taken together, these data suggest that AnkA repression of CYBB gene expression occurs by a mechanism similar to that used by the special AT-rich sequence binding protein 1 HOST CELL CYBB GENE REGULATION BY A. PHAGOCYTOPHILUM 2389 (SATB1), which binds to the secondary structure in ATC-rich sequences and induces changes in chromatin that result in transcriptional CYBB silencing.
DISCUSSION
The tick-transmitted rickettsia A. phagocytophilum, the causative agent of human granulocytic anaplasmosis, is one of only four bacteria known to survive and propagate within human neutrophils and their bone marrow progenitors. Neutrophils are unsuitable host cells for intracellular bacteria because they are short lived and, as primary defense cells, are equipped with diverse antimicrobial mechanisms. However, A. phagocytophilum interferes with the host's antimicrobial response through multiple mechanisms. It suppresses the early antimicrobial response by directly inhibiting antimicrobial functions. For instance, A. phagocytophilum detoxifies the oxidative burst triggered by infection by using its own superoxide dismutase enzyme and by inhibiting phagocyte oxidase assembly (6) . A. phagocytophilum also alters other neutrophil physiological processes such as apoptosis, degranulation, phagocytosis, and inflammatory response. A. phagocytophilum directly interacts with signal transduction pathways, contributing to a dysregulated phenotype of the infected cell (16) . However, as apoptosis of infected neutrophils is delayed by 24 h or longer, sustained neutrophil functional changes with A. phagocytophilum infection likely require altered expression of essential genes such as CYBB, RAC2, BPI, and MPO. Studies of global host cell gene transcription support these observations, as clusters of genes are differentially expressed in A. phagocytophilum-infected granulocytes (3, 11, 25) .
Given metabolic and genomic resources thousands of times more limited than those of the host cell, A. phagocytophilum and other small genome intracellular bacteria require highly efficient mechanisms for survival and persistence. The data presented here demonstrate that A. phagocytophilum AnkA is an effector sufficient to induce some of the transcriptional changes observed in HL-60 cells during infection. AnkA binds regulatory regions of the host chromatin with properties similar to those of eukaryotic nuclear base unpairing region (BUR) binding proteins such as SATB1 and CDP (5) . BUR binding proteins bind specialized regions dependent on DNA secondary structure and interact with or recruit proteins that modify chromatin architecture. These changes dramatically affect promoter accessibility to transcriptional activators, repressors, and histone-modifying proteins (e.g., acetylases, deacetylases, and methylases), such as with SATB1 and CDP, which interact with the promoter regions of CYBB and other genes and affect their transcriptional regulation (8) . AnkA seems to play a similar role in CYBB regulation during A. phagocytophilum infection. Downregulation of CYBB expression with A. phagocytophilum infection is associated with decreased binding of transcriptional activators IRF-1 and PU.1 concurrent with increased binding of the CDP repressor to the CYBB promoter (28) . Interestingly, our data and others have identified changes in protein binding to the CYBB promoter during A. phagocytophilum infection (28), which not only supports the interactions of AnkA with the locus we report here but could also reflect the presence of other A. phagocytophilum effectors in the host nucleus.
In this study, we show that AnkA from A. phagocytophilum also binds to the CYBB promoter and that AnkA is sufficient to regulate the expression of this gene. Although elucidation of the mechanism by which AnkA exerts transcriptional influence will require further investigation, interactions of AnkA with transcriptional regulatory regions could affect binding of transcriptional regulators to the promoters. AnkA also affects the epigenetic regulation of gene expression, such as with CYBB, perhaps by altering accessibility of these loci to chromatinmodifying enzymes, although a direct molecular link between histone modifications and AnkA presence remains to be demonstrated. However, the modifications of the histone code observed in the CYBB locus almost certainly result in chromatin condensation and silencing of gene expression, a mechanism exploited by other BUR binding proteins such as SATB1 (30) . This hypothesis is also consistent with the preferential localization of AnkA to nuclear heterochromatin (9) . BUR binding proteins such as SATB1 play an important role in cell differentiation by affecting chromatin structure and global gene transcription. SATB1 expression is silenced in differentiated leukocytes, derepressing the expression of CYBB and other FIG. 6 . AnkA binds to ATC-rich sequences of the host chromatin. (A) AnkA-bound DNA was immunoprecipitated using an AnkA-specific MAb, cloned by LM-PCR, and sequenced. Sequences mT3-JHP and mT10-JHP were previously obtained in our laboratory (24) . Infected cells were harvested at 72 h postinfection. (B) Binding of AnkA to the wild-type CYBB promoter probes A, B, and E, but not to mutated versions, was demonstrated by EMSA. The wild-type and mutated probes were incubated with rAnkA. Control reactions with no protein added were included as controls.
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SATB1-regulated genes. Due to the functional similarities of AnkA and SATB1, we speculate that AnkA may be playing a similar role to that of SATB1, downregulating expression of genes by affecting chromatin structure. A clear understanding of the mechanisms for the translocation of AnkA from the bacteria to the host cell nucleus awaits further study, which will be facilitated with the recent successful genetic transformation of A. phagocytophilum (12) . Other possible mechanisms for AnkA action within host cells also need investigation. AnkA phosphorylation and interactions with host cell cytoplasmic kinases were recently shown (15) , although its role in regulating host cell function and gene expression remains unclear. Additional bacterial nuclear effectors will likely be identified as investigations become increasingly focused on host-pathogen interactions mediated by effector molecules at the nuclear interface. The data presented here provide evidence that AnkA acts as a nuclear effector that modifies host cell gene transcription and phenotype by directly binding to host chromatin. The data further strongly support the hypothesis that AnkA binds to heterochromatin in regions that play a role in chromatin remodeling and regulation of gene expression, a newly proposed mechanism for control of eukaryotic host cell function that could be broadly exploited by intracellular bacteria.
